RBC (oxygen-carrier) behaviour in the cerebrocortical microvasculature during K + -induced cortical spreading depression (CSD) was examined in urethane-anesthetized male Wistar rats (n=10). The movements of FITC-labeled RBCs in single capillaries in the cortical region were traced with a high-speed camera laser scanning confocal fluorescence microscope and analyzed with Matlab domain software, KEIO-IS2, to obtain the velocities of all labeled RBCs appearing in local capillaries during CSD wave propagation. We found that CSD induced periodic decreases in both RBC number and velocity until RBCs halted or disappeared for 3.3 ± 2.3 s, and then RBC flow was restored. The RBC flow stall was statistically significant (P < 0.05). During capillary flow failure in association with CSD spread, systemic arterial blood pressure remained unchanged. We conclude that RBCs are transiently sieved and stalled in capillaries during neuronal depolarization, and we suggest that this neuro-capillary coupling involves a hemorheological (viscosity-related) mechanism.
Introduction
Cortical spreading depression (CSD), originally reported by Leão 1 as a spreading zone of EEG flattening following topical application of toxin to rabbit cerebral cortex, is now thought to be a fundamental process commonly involved in acute brain disorders 2 . The nature of CSD, however, remains largely unknown. Microvascular changes concomitant with CSD may be involved in clinical events, such as migraine, brain injury and stroke, and the phenomenon has thus drawn the attention of not only basic scientists, but also clinicians.
In a previous study 3 , using a hemodilution technique applied to a small area with high resolution (pixels of 40x40 μm 2 ) 4 in α-chloralose-urethane-anesthetized rats, we found that the disappearance of hemodilution curves, which was reported by us previously 3 .
In this paper, we aimed to examine RBC behaviour per se directly in capillaries in the ROI, in order to obtain unequivocal evidence of rapid and transient RBC flow in the group of capillaries halt during CSD, using a new method of high speed camera laser scanning confocal fluorescence microscopy developed by us 5 .
Results

General Observation
We confirmed that CSD was induced by topical application of K + in all 8 rats, appearing as negative deflections of approximately 9.4 ± 3.8 mV (ranging -5 and -13 mV) and 1.2 ± 0.3 min duration in DC recordings; these deflections occurred 5 or 6 times successively at intervals of a few minutes. The speed of spreading CSD waves was approximately 3.8 ± 0.9 mm/min. We also confirmed that saline did not induce CSD in 2 cases. The mean systemic arterial blood pressure (SABP) recorded was 98.2 ± 4.6 mmHg before CSD. It remained unchanged during CSD, and was 97.5 ± 3.2 mmHg after the final episode of CSD. The difference of SABP before and after CSD was not statistically significant.
RBC behaviour in capillaries in controls
When FITC-labeled RBCs were injected into the circulating blood, labeled RBCs appeared in the cortical microvasculature, including capillaries, arterioles and veins, as bright particles like fireflies over a dark background. RBCs running along capillaries were focused with a water immersion lens of 60x attached to an intravital fluorescence microscope. The RBC flow in capillaries appeared to be continuous and stationary to the naked eye. When it was recorded on a video camera at 30 fps, the RBC flow in a single capillary was by no means stationary and continuous. As will be described quantitatively later, RBC flow was highly heterogeneous: the manner of flow and the separation of successive RBCs were variable in space and time (Fig. 1) . Some RBCs sliding near the arteriolar wall would slip into a capillary and remained close to the endothelial wall of the capillary, while others moved in the central part of the internal lumen. RBC flow was not smooth along the capillary: it slowed at certain locations while it ran quickly at other locations, even though there was no apparent morphological change in the capillary lumen.
At some capillary inlets, RBCs appeared to jump as if they were powered by a spring or to be sucked up by the capillary, and their speed became 2 or 3 times faster than that when they were moving through the feeding arteriole (Supplementary Figure 1) . We were not able to detect any diametric changes at the so-called 'precapillary sphincter' when RBCs moved through at varying speeds. At branching site of capillaries where a capillary was divided into left and right branches, RBC distribution was just unpredictable. In some cases, vessels in the ROI of 400 μm x 600 μm; the vessels were confirmed to be capillaries by the technique reported previously 6 . Note that velocities of capillary RBCs averaged around 1.7 mm/s, but some reached as high as 7.5 mm/s in this case.
RBC behaviour in capillaries during CSD
When CSD was propagating, the background brightness of the cortical area decreased as reported previously 3, 7 . As the darkening progressed, RBCs in capillaries showed a gradual reduction in velocity ( Fig. 4a ) and number ( Fig. 4b) , and finally stopped/disappeared. Figure 5a , 5b, and 5c show an enlarged single capillary at the peak of CSD passage. RBCs had become round owing to reduced shear stress and the plasma appeared to be optically heterogeneous, which may indicate that the plasma was sludgy and viscous. Figure 5a shows an RBC slowly moving in the viscous capillary. The capillary became empty with no labeled RBCs for a moment (Fig. 5b ). An RBC apparently adhered to the capillary wall and We ignored these "ghost" movements in estimating the period of no RBC movement, because they would have no physiological significance for oxygen transport. 
Discussion
The RBC flow heterogeneity along capillaries in the control state can not be explained by traditional arterial regulation of blood flow with passive compliant capillary flow changes.
Kleinfeld et al. 8 , employing two-photon imaging, described individual capillary flow in layer 4 of the rat cerebral cortex as follows: 'it was highly irregular flow in which the speed and flux changed suddenly or in which individual RBCs stalled for a certain period of time'.
Our observation in layer 1 was quite similar to this. RBC flow velocity and number were fluctuating in the control state, presumably responding to the time-to-time requirements of neurons. They observed RBC stall in a single capillary, but we found that RBCs by the mass effect of "explosive" astroglial cell swelling upon CSD passage 3 . The occurrence of such rapid astroglial cell swelling during CSD is supported by the observation of rapid Na + and Cl -movement into astroglial apical dendrites 14, 15 , a rapid cerebral impedance drop 16 , changes in extracellular diffusion parameters as judged by morphological analysis with a confocal microscope 17 and a transient apparent diffusion coefficient decrease (fluid shift from extracellular space into cellular components) detected by magnetic resonance imaging 18 . However, as mentioned previously we were not able to observe any diametric changes in capillaries during CSD. We consider that the extracellular We cannot deny the participation of feeding arterioles of 15-30 μm in diameter during CSD, since our previous observations 22 revealed strong vasoconstriction followed by marked sustained vasodilatation of arterioles of about 25 μm in diameter during K + -induced CSD in cat cerebral cortex. Participation of interneurons in such local flow regulation is also possible 23 . It could be not direct, but rather may contribute to coordinated or compensatory changes, since such a biphasic diametric change is incompatible with the capillary RBC flow changes reported here.
Material and methods
Ten Wistar rats were used. Experiments were approved by the Animal Ethics Committee of Keio University. Each rat under intraperitoneal urethane anesthesia following halothane was fixed to a head-holder, and a window was opened in the skull at the temporo-parietal region of the cerebral cortex. A femoral artery and a femoral vein were catheterized for blood pressure monitoring and injection of tracers. The dura was removed, and the cortex was exposed. The head-holder with the rat was placed so that the brain was beneath a intravital microscope (switchable between a conventional (30 fps) videocamera and high-speed (250-500 fps) camera, both installed in the laser scanning confocal fluorescence microscope) which was developed by us and reported previously 5 . Briefly, the assembly (Fig. 5a) , without high-shear-induced deformation. One RBC was stuck to the wall (Fig. 5c ). Flags (RBC stops) appeared in all 8 cases as indicated by arrows.
